Introduction
After synthesis in the ER, cargo proteins reach and traverse the Golgi complex, an organelle that is composed of stacks of membranous cisternae where cargo is modified by glycosylating enzymes during transport. The mechanism of intra-Golgi transport has been studied for decades and most if not all of the possible avenues of investigation have been documented or hypothesized. It is fair to say, however, that transport through the Golgi remains one of the main unsettled questions in membrane biology (Pfeffer, 2007) . There are two types of transport models, with one based on stable cisternae, and the other on "maturing" cisternae. Under the stable cisternae models, cisternae never change their molecular composition and location in the stack, and secretory cargo is transported forward from one cisterna to the next via vesicles or other intermediates (Rothman and Wieland, 1996; Patterson et al., 2008; Pfeffer, 2010) . According to the maturation model, instead, new cargo-containing cisternae continuously form at the cis-Golgi face and progress toward the trans face while changing their composition (i.e., maturing) through the recycling of resident enzymes via retrograde vesicles or tubules, in synchrony with cisternal progression. Upon reaching the trans-most position, the cargo-laden cisternae disassemble into anterograde carriers (Nakano and Luini, 2010; Glick and Luini, 2011) . A role for this mechanism in mammals is supported by the observation that large supramolecular cargo, such as procollagen-I aggregates, traverse the Golgi without apparently leaving the lumen of the cisternae (Bonfanti et al., 1998 ; see also Volchuk et al. [2000] and other lines of evidence: Love et al., 1998; Lanoix et al., 2001; Martinez-Menárguez et al., 2001; Gilchrist et al., 2006; Glick and Luini, 2011) . However, the central question, i.e., whether Golgi resident enzymes indeed recycle backward through the stack in synchrony with cisternal progression, and hence with cargo transport, remains undecided. Golgi cisternal maturation has been directly visualized in live yeast (Losev et al., 2006; Matsuura-Tokita et al., 2006;  A fter leaving the endoplasmic reticulum, secretory proteins traverse several membranous transport compartments before reaching their destinations. How they move through the Golgi complex, a major secretory station composed of stacks of membranous cisternae, is a central yet unsettled issue in membrane biology. Two classes of mechanisms have been proposed. One is based on cargo-laden carriers hopping across stable cisternae and the other on "maturing" cisternae that carry cargo forward while progressing through the stack. A key difference between the two concerns the behavior of Golgi-resident proteins. Under stable cisternae models, Golgi residents remain in the same cisterna, whereas, according to cisternal maturation, Golgi residents recycle from distal to proximal cisternae via retrograde carriers in synchrony with cisternal progression. Here, we have engineered Golgi-resident constructs that can be polymerized at will to prevent their recycling via Golgi carriers. Maturation models predict the progress of such polymerized residents through the stack along with cargo, but stable cisternae models do not. The results support the cisternal maturation mechanism.
The dynamics of engineered resident proteins in the mammalian Golgi complex relies on cisternal maturation Thus, monomeric residents maintain their position in the Golgi by recycling through the stack in synchrony with the forward movement of cargo. These findings support the cisternal maturation mechanism in mammalian cells.
Results

Construction and characterization of reversibly polymerizable Golgi residents
To engineer a polymerizable Golgi resident, we fused the Golgi targeting portions (cytosolic tail, transmembrane domain, and stem region) of mouse -1,2-mannosidase IB (MANI; Becker et al., 2000) , a cis/medial Golgi enzyme (Dunphy and Rothman, 1983; Marra et al., 2001) , with three tandem FM domains that dimerize spontaneously but can be dissociated by AP12998 (AP; Rivera et al., 2000) and with an HA tag for detection (MANI-FM; Fig. 1 a) . Once polymerized, these constructs can generate large two-dimensional submembrane networks (Fig. 1 b) . In addition, we prepared a similar construct using the targeting portions of the trans-Golgi enzyme -1,4-galactosyltransferase (GALT-FM; Cole et al., 1996b) .
We then expressed MANI-FM in HeLa cells (at levels that were two-to threefold higher than those of the endogenous Mannosidase I; see Fig. 1 , c and d) and studied the polymerization/depolymerization kinetics of MANI-FM. For this, we used a sedimentation assay whereby polymers and monomers can be distinguished by their distribution in the pellet versus supernatant fractions, respectively . In the monomeric state (+AP), MANI-FM was in the supernatant, whereas after AP washout it shifted to the pellet, reflecting the formation of large MANI-FM polymers (Fig. 1 e) . This shift started 5 min after AP washout and was complete by 15 min. Sucrose gradient centrifugation confirmed that MANI-FM shifts from a monomeric to a polymeric state within 15 min of AP removal Emr et al., 2009) , implying that Golgi residents do recycle in yeast; but no such evidence has so far been reported in mammals, possibly because of the insufficient resolution of current video microscopy technologies. This remains a stumbling block in the field, and, presumably because of the resulting uncertainties, a variety of different Golgi transport models have been proposed over the last few years (Patterson et al., 2008; Pfeffer, 2010; Mironov and Beznoussenko, 2012) .
To overcome this block, we have devised an approach to monitor the intra-Golgi movements of Golgi residents at the resolution of EM. The approach is based on the engineering of Golgi resident constructs that can be reversibly polymerized. These constructs, when polymerized, are likely to become unable to enter recycling vesicles or tubules either because they are too large to enter the carriers and/or because they might be incompatible with the vesicular membrane curvature. We examined the transport behaviors of these constructs in their monomeric and polymeric states. The stable and the maturing cisternae models predict very different behaviors for monomers and polymers. According to the maturation model, Golgi residents maintain their position in the stack by recycling in synchrony with cisternal progression. This model thus predicts that if a suitably modified cis-Golgi resident protein is polymerized and prevented from entering Golgi carriers and hence from recycling, it will remain within the lumen of a cisterna and move to the trans side of the Golgi stack (Bonfanti et al., 1998) . If the polymeric resident is then depolymerized once it arrives at the trans-Golgi, the resulting monomers should reenter vesicles and recycle back to the cis-Golgi at rates compatible with the maturation mechanism. In contrast, according to the stable cisternae models, a Golgi resident protein should localize at its level in the stack independent of its ability to enter Golgi carriers.
Our current results provide evidence that (a) polymerized Golgi residents are unable to enter Golgi carriers and (b) they move from the cis-to the trans-Golgi within the cisternal lumen. Using these conditions, we assessed the distribution of monomeric MANI-FM (+AP) in Golgi cisternae and in peri-Golgi vesicles and tubules (as defined in Materials and methods) using immuno-EM and stereology. MANI-FM showed higher linear density (LD) in the cis-> medial > trans-cisternae, similar to the localization reported for the endogenous enzyme (Dunphy and Rothman, 1983; Marra et al., 2001 ; Fig. 2 , a and d; and see also Fig. S3 a) . Moreover, MANI-FM was more concentrated at the rims than in the central parts of the cisternae (Fig. 2, b , c, and e); it was present in vesicles and tubules at concentrations 50 and 96% of that in cisternae, respectively (tubules here include both dissociated carriers and inter-cisternal tubular connections; see Materials and methods; Fig. 2 f) ; and it was practically absent in the ER and in regions outside of the stack area, including the PM. By confocal microscopy, MANI-FM (again in cells expressing low-medium levels of the construct) localized between the cisGolgi network and the trans-Golgi network (TGN; stained with the cis-Golgi network and TGN markers GM130 and TGN46, respectively), in qualitative agreement with the EM data (Fig. 2,  g and h) . This MANI-FM localization was similar to that of the full-length MANI, and it was also similar to that seen in the intact Golgi complex of NRK cells, where the cis-Golgi and trans-Golgi can be easily distinguished, even without nocodazole-mediated dissociation (unpublished data).
We also examined the localization of the GALT-FM construct. As monomers, GALT-FM localized in the trans->> medial > cis-cisternae, as visualized by EM (Fig. S1 i) and by confocal microscopy (not depicted). Again, this represented a distribution that was similar to that of the corresponding endogenous enzyme (Teasdale et al., 1992) .
Polymerization prevents the entry of Golgi
MANI-FM into peri-Golgi carriers
We then polymerized MANI-FM by removing AP for 15 min, and examined the ability of the polymer to enter Golgi vesicular/ tubular carriers. The concentration (as LD) of MANI-FM in vesicles and tubules dropped by 90%, to barely detectable levels (Fig. 3, a and b) . Moreover, MANI-FM lost its concentration at (unpublished data). We then added AP to polymeric MANI-FM (see Fig. 1 e) to induce depolymerization. MANI-FM shifted back to the supernatant rapidly ( Fig. 1 f) . Thus, MANI-FM polymerizes upon AP removal in 10-12 min and it depolymerizes with AP addition in <5 min.
Next, we sought to define suitable conditions to examine the intra-Golgi localization of MANI-FM in its monomeric or polymeric states (+AP). First, we used nocodazole, which fragments the Golgi complex into separate but structurally and functionally "normal" stacks (ministacks; Cole et al., 1996a; Trucco et al., 2004) . The advantages of the ministacks are that (a) they provide good resolution between the cis-Golgi and the transGolgi by immunofluorescence (IF; Shima et al., 1997; Fig. S1 , a-d); (b) they lack interstack tubular zones, which facilitates the analysis of peri-Golgi vesicles/tubules by EM ; and (c) they are physically isolated from other stacks, which rules out the possibility of exchange of cargo through contacts with adjacent stacks, like in the Golgi ribbon Pfeffer, 2010) . Second, we emptied the ER of MANI-FM by cycloheximide treatment for 30 min before starting our observations to ensure that all of the MANI-FM that we examine was localized in the Golgi complex (see Materials and methods). Third, we sought to verify whether the targeting/retention mechanisms acting on MANI-FM (which contains the targeting motifs of the endogenous enzyme; see Fig. 1 a) are indeed similar in efficiency to those acting on the full-length protein. To this end, we compared the abilities of similar amounts of MANI-FM and full-length MANI to escape the Golgi and reach the plasma membrane (PM). In cells expressing low-medium levels of these two proteins, they localized only at the Golgi, whereas in highly expressing cells (20% of the cell population), the two constructs were both at the Golgi and the PM (see Materials and methods and Fig. S1 , e-h). Thus, the Golgi targeting and retention properties of MANI-FM do not appear to differ considerably from those of the transfected full-length enzyme. Similar observations have been reported for other Golgi enzymes (Berger, 2002) . In the localization experiments here, we included only cells expressing low-medium levels of MANI-FM (see Materials and methods). MANI-FM and GALT-FM can enter vesicular/tubular carriers derived from the ER (Bannykh and Balch, 1997; Antonny and Schekman, 2001 ). Both of these FM constructs were retained in the ER when expressed in the absence of AP, whereas after depolymerization (+AP), they left the ER and rapidly reached the Golgi complex (Fig. S2 , e-h).
In sum, polymerization prevents MANI-FM from entering Golgi vesicles and tubules, including BFA-induced tubules and ER-derived tubular-vesicular carriers. This effect of polymerization might be because (a) the polymers are too large to enter the vesicles/tubules, (b) the polymers form a rigid platform that is incompatible with the curvature of the vesicles/tubules (Copic et al., 2012) , or (c) the polymerization hides the sorting signals that allow MANI-FM to enter into vesicles/tubules. The inability of polymers to enter long BFA tubules and the preference of polymers for the flat areas of the cisternae over the rims favor the second of these three possibilities.
Polymerization causes MANI-FM to move forward in the Golgi stack
Finally, we sought to determine whether upon shifting from a monomeric to polymeric state MANI-FM remains in its cis position, as would be predicted by stable cisternae models, or it moves from cis-to trans-cisternae, as would be predicted by cisternal maturation. After AP removal (0 min), the MANI-FM peak shifted from the cis-to the medial cisternae (at 12 min), and then to the trans-cisterna (at 20 min; Fig. 4 , a-e; and see also Fig. S3 ). Considering that polymerization lags behind by 10-12 min after AP washout (Fig. 1 e) , the intra-Golgi transport the rims of the Golgi cisternae and was distributed randomly along the cisternal length ( Fig. 3 c and see also Fig. 5 c) . The Golgi morphology and the number of peri-Golgi vesicles and tubules did not change except for a reduction (25%) in the surface area of the tubules (Fig. 3 d) . We also examined the ability of polymerized MANI-FM to enter Golgi tubules induced by the toxin brefeldin A (BFA; Lippincott-Schwartz et al., 1990) . These tubules have a diameter of 40 to 80 nm (Lippincott-Schwartz et al., 1990) , which is similar to that of Golgi carriers and contain Golgi-resident proteins (Lippincott-Schwartz et al., 1990 ). An 8-min treatment with BFA induced the formation of numerous Golgi tubules containing either the cis-Golgi marker KDEL receptor (Fig. 3, e and f) , the trans-Golgi marker galactosyltransferase, or the TGN marker TGN46 (not depicted). Polymeric MANI-FM did not enter these tubules, whereas MANI-FM monomers entered the tubules freely (Fig. 3, e and f) . Polymeric MANI-FM also reduced the number of BFA-induced tubules by 30-40%. However, this reduction did not prevent the redistribution of the Golgi residents, including MANI-FM, into the ER after a 30-min exposure to BFA (Fig. S2, a-d) . This is probably because of the peculiar mode of BFA-induced retrograde transport. As live-imaging experiments have shown (Sciaky et al., 1997) , the addition of BFA leads to the formation of numerous tubules containing Golgi residents. When these tubules fuse with the ER they cause a sudden collapse of the Golgi into the ER in seconds ("blink out"), possibly caused by a tension-driven membrane flow (Sciaky et al., 1997) . Such a complete collapse can presumably bring back to the ER even those proteins that do not actually enter the tubules. We also examined whether polymeric during this time interval, the residual monomeric MANI-FM fraction can recycle backward into the cis-cisterna. By light microscopy, the MANI-FM peak shifted away from GM130 (cis) and toward TGN46 (trans) within 20 min of AP removal, in agreement with the EM data (Fig. 4 , f-i; and see also Fig. S4 ). Later, MANI-FM left the Golgi to assume a diffuse/punctate distribution (not depicted) and began to be degraded, presumably in the lysosomes (in contrast, the monomeric MANI-FM was as stable as the endogenous enzyme; Fig. 4, j and k) .
We finally examined whether MANI-FM polymerization affects the morphology or the transport properties of the Golgi. rate of polymeric MANI-FM was similar to that reported for procollagen and vesicular stomatitis virus G protein (VSV-G; Mironov et al., 2001) , both of which have been proposed to move by cisternal maturation. A difficulty in interpreting these data (Fig. 4 d) is that according to the maturation model, 12 min after AP removal (MANI-FM polymerization), the cis-cisterna should be empty of MANI-FM, yet it appears to still contain measurable levels of this construct. This seeming discrepancy is most likely a result of the fact that the polymerization of MANI-FM is not instantaneous, but rather takes several minutes to reach completion after AP removal (Fig. 1 e) . Hence, 
Depolymerization in the trans-Golgi restores the entry of MANI-FM into peri-Golgi carriers and causes MANI-FM to move back to its cis-/medial Golgi localization
The observation that MANI-FM moves forward in the stack when it is polymerized and is excluded from vesicular or tubular transport intermediates implies that monomeric MANI-FM normally recycles through these intermediates to maintain its cis-medial position. So far, however, direct evidence for recycling of Golgi residents through the stack in synchrony with transport in mammalian Golgi has been missing (Hoe et al., 1995; Malsam et al., 2005) . We considered that if the MANI-FM polymers were depolymerized in the trans-cisterna, the resulting monomers Several observations indicate that this is not the case: (a) transport of VSV-G into, through, and out of the Golgi complex and glycosylation of VSV-G occurred at normal rates after MANI-FM polymerization (Fig. S5, a-c) ; (b) polymerization of MANI-FM did not modify the morphology and the surface area of the Golgi apparatus both in the presence and absence of nocodazole (Fig. S5, d and e); and (c) the localization of the endogenous MANI was not affected by MANI-FM polymerization (Fig. S5,  f and g ). Thus, polymeric MANI-FM progresses from the cis-to the trans-Golgi without leaving the cisternae for vesicles/ tubules at rates similar to those reported for procollagen and VSV-G ) and without perturbing the function and structure of the Golgi complex. induces MANI-FM to move forward in the stack by promoting its entry into anterograde transport intermediates. However, this is just the opposite of what is observed experimentally: polymerization induces a nearly complete disappearance of MANI-FM from all types of peri-Golgi carriers (both vesicles and tubules), as well as a shift of this construct from the rims to the center of the cisternae, a location that is not suitable for export. Another recently proposed stable cisternae model proposes that cargo moves forward by shifting across heterologous connected cisternae in adjacent stacks of the ribbon (Pfeffer, 2010) . Also, this model is inconsistent with our results, which were obtained using physically separated ministacks. The findings in this study are therefore consistent with the cisternal progression maturation mechanism and not with stable cisternae models.
A further line of evidence in favor of cisternal maturation is that when MANI-FM is depolymerized in the trans-cisterna it rapidly reenters cisternal rims as well as vesicles/tubules and shifts back toward its cis-Golgi location. These data represent evidence for the rapid recycling of Golgi resident enzymes through the stack in mammals. Notably, a Golgi enzyme, GAlNacT2, has been recently reported to cycle rapidly between the Golgi and the intermediate compartment in mammals (Jarvela and Linstedt, 2012) . This finding does not relate to the progression/maturation of the cisternae through the stack. Rather, it reflects the formation of new cis-cisternae from the intermediate compartment (Jarvela and Linstedt, 2012) .
Regarding the mechanism of recycling, the MANI-FMcontaining carriers that proliferate upon MANI-FM depolymerization appear to be COP-I-coated tubules and vesicles. Discordant conclusions have been proposed in the past regarding the question of whether vesicles or tubules (which might be dissociated or connected with adjacent cisternae) are involved in recycling Lanoix et al., 2001; Martinez-Menárguez et al., 2001; Kweon et al., 2004; Trucco et al., 2004) . Our current data, and the recent proposal that Golgi vesicles and tubules are strongly mechanistically related (Yang et al., 2011) , might explain the previous discrepancies. Do these findings show that cisternal maturation is the only mode of intra-Golgi transport? As is often stated in the literature, transport mechanisms are not mutually exclusive (Emr et al., 2009) . Thus, although our data provide evidence for cisternal maturation, they do not exclude that other transport principles might coexist with the maturation process in the Golgi complex, such as vesicular trafficking (Rothman and Wieland, 1996; Malsam et al., 2005) or diffusional trafficking via continuities , with the prevailing mechanism perhaps depending on the type of cargo being transported, the pathophysiological conditions, the cell type, and/or the trafficking step being examined. Examples of the eclectic nature of the transport apparatus have been provided by studies of the endocytic pathway, where different transport principles have been shown to coexist (Pryor and Luzio, 2009; De Matteis and Luini, 2011) . Membrane trafficking has central roles in many cellular processes (Mellman and Warren, 2000; De Matteis and Luini, 2011) . A better understanding of the full repertoire of eukaryotic trafficking principles will provide valuable insight into key aspects of cell physiology and pathology.
should regain their capability to enter carriers and could then recycle synchronously from the trans to the more proximal cisternae. To test this hypothesis, we first polymerized MANI-FM for 20 min to let the polymer reach the trans-cisterna (Fig. 4 e) , and then we depolymerized the MANI-FM by adding back AP. At 20 min after AP washout, as expected, polymeric MANI-FM was homogeneously distributed in the trans-cisterna (Fig. 5 a; and see also Fig. 4 b) . Upon depolymerization, MANI-FM rapidly (in 1.5-3 min) underwent the following distribution changes: (a) it became concentrated at the cisternal rims ( Fig. 5 c) ; (b) it increased greatly in peri-Golgi vesicles/tubules (whose number also increased two-to threefold; Fig. 5, b, d , and e); and (c) it started to return back to the cis/medial localization that is typical of the MANI-FM monomers (Fig. 5, g-m) . Throughout this redistribution process, the total levels of MANI-FM did not change detectably in the Golgi ministacks or in the ribbon, as assessed by MANI-FM fluorescence intensity at the Golgi (unpublished data). Notably, more than 50% of the MANI-FM-containing vesicles and tubules stained for COPI (Fig. 5 f and Fig. S5 , n and o). Thus, the depolymerization of MANI-FM in the trans-cisterna appears to result in a burst of recycling mediated via COPIdependent vesicles and tubules and in the rapid redistribution of MANI-FM to proximal cisternae. Even though the amount of the overexpressed MANI-FM is only two-to threefold that of the endogenous enzyme (Fig. 1 c) , the sudden appearance of all of the cis/medial resident MANI-FM in the trans-cisterna can be presumably sensed and compensated for by mechanisms that actively respond to variable demands on the recycling process.
We also examined the structure of the Golgi carriers and of the Golgi stack by tomography. All reconstructions indicated that the morphology of the carriers (Fig. S5, h-m) and the structure and size of the Golgi stack were similar under all experimental conditions (Fig. S5, d and e) . Moreover, tomography confirmed that most round, 50-to 80-nm structures were indeed vesicles (Fig. S5, h-m) and that the relative frequency of vesicles and tubules was similar to that seen in thin sections (not depicted).
Discussion
The main finding in this study is that although monomeric MANI-FM localizes to cis-medial Golgi cisternae and is present in peri-Golgi vesicles and tubules, the same construct, upon shifting to a polymeric state, moves from the rims to the center of the cisternae, disappears from peri-Golgi carriers, and moves from the cis-Golgi to the trans-Golgi cisternae at a rate reported for cisternal progression (Bonfanti et al., 1998) . The simplest interpretation of these data are that monomeric MANI-FM normally recycles backward in the stack in lockstep with the progression of the cisternae (and of the cargo) via retrograde transport intermediates to maintain its cis location and that, when its recycling is inhibited by polymerization, it progresses through the stack along with the cisternal flow. Notably, monomeric MANI-FM mimics the localization, and hence presumably the behavior, of the corresponding endogenous resident enzyme. Alternative interpretations of the forward progression of MANI-FM polymers and, in particular, interpretations based on models by which cargo moves across stable cisternae via anterograde carriers must assume that polymerization 4°C, mounted on aluminum pins, and frozen in liquid nitrogen. The samples were then sectioned and the ultrathin cryosections were picked up in a mixture of 50% sucrose and 50% methylcellulose and incubated with antibodies to antigen of interest followed by protein A gold. For immunonanogold the cells were permeabilized with 0.2% saponin in blocking solution (PBS containing 1% BSA and 50 mM NH 4 Cl) and incubated with antibodies to antigen of interest in the same solution at 4°C for overnight, followed by second antibodies labeled with nanogold in the same solution for 2 h at room temperature. The gold particles were then enhanced by nanogold enhancer (Nanoprobes) according to the manufacturer's instructions. The samples were then epon embedded and ultra-thin sections (50-70 nm) were prepared. The samples were then examined under an iTEM microscope (JEOL Ltd.). Random sampling for the Golgi stacks was performed, with the only criterion for selection being the presence of gold label on Golgi stacks that were sectioned perpendicularly to the plane of cisternae. Stacks were imaged at a magnification of 20,000 or 30,000 using a Morada CCD camera using the iTEM image acquisition software (JEOL Ltd.). Some cells (20% of the total) expressed high levels of MANI-FM and showed this construct at the PM. These cells were discarded. The cells selected for quantitation typically had 2-15 gold particles per stack. The images were analyzed using the iTEM image analysis platform (Olympus). The polarity of the stacks was assigned based on compositional and morphological criteria. The former was based on immunogold staining with antibodies anti-GM130, a cis-Golgi marker. The morphological criteria were based on the presence of clathrin buds or vesicles at the TGN side of the Golgi and of typical fenestrated cisternae (cis-Golgi). The clathrin buds/vesicles localized at the TGN at variable distances from the stack (from very close to up to 500 nm from the last trans-cisterna). Only those stacks where the association of clathrin buds to the trans side was unambiguous were considered for quantitation. The two criteria (morphological and compositional) were always in agreement. Several Golgi structures were evaluated. The number of cisternae varied from three to five. For quantitation, we classified them as cis, medial, or trans. Cis indicated the cis-most cisterna in the case of a stack with three or four cisternae, and the two cis-most cisternae in the case of a stack with five cisternae (here, the LD was the mean of the two). Trans was the last (trans) cisterna. Medial was the remaining one or two central cisternae. Vesicles were round profiles of 50-80 nm in diameter, present within 200 nm of the rims of the stack. Tubules were elongated profiles with length/width ratios greater than two. Of note, the analysis of thin sections precludes the discrimination of dissociated carriers and inter-cisternal tubular connections, and so quantification of tubules includes both of these. The cisternal rims were the most peripheral 100 nm of the cisternal profiles, and the rest of the cisterna was considered as the central cisternal part. All images were evaluated by three independent observers in a blind fashion. For surface density calculations, the number of gold particles associated with a structure was counted, and the membrane length was measured using the iTEM software. The density was then expressed as LD (number of gold particles/micrometer). When gold particles localized close to more than one structure, they were assigned to the closest structure. The number of Golgi stacks evaluated is specified in the legends.
EM tomography
The sample preparation and tomographic reconstruction was done essentially as described previously . In brief, HeLa cells were fixed with 2% gluteraldehyde for 2 h at room temperature, and the samples were then processed, stained, dehydrated, and epon embedded. The samples were sectioned (200-nm sections), and gold particles were placed on the surface of the plastic sections and examined by an electron microscope FEI) . The Golgi profiles with well-preserved structures were identified and the images were acquired at tilt angles of +65° to 65° at 1° intervals, with a magnification of 26,500 using a Veletta CCD digital camera. The tomographic reconstruction was done using the Inspect 3D (FEI).
IF and confocal microscopy
Cells were fixed and immunostained as described previously . In brief, the cells grown on coverslips were fixed with 4% paraformaldehyde for 10 min at room temperature and then permeabilized with 0.2% saponin in blocking solution (PBS containing 1% BSA and 50 mM NH 4 Cl) followed by incubation with antibodies to antigen of interest in the same solution at 4°C overnight, followed by second antibodies labeled with Alexa Fluor dyes (Invitrogen). The coverslips were then mounted in the mounting media (16% [wt/vol] Mowiol 4-24 [EMD Millipore] and 30% [vol/vol] glycerol in PBS) and examined under a confocal microscope (LSM710; Carl Zeiss). The images were then acquired with a pinhole set to
Materials and methods
Cell culture, constructs, antibodies, and reagents HeLa cells were cultured in RPMI with 10% FCS and penicillin/streptomycin and NRK cells were cultured in DMEM with 10% FCS and penicillin/streptomycin. The mouse MANI fused to CFP and Rab1A-GFP were obtained from M.A. De Matteis (Telethon Institute of Genetics and Medicine, Naples, Italy; Marra et al., 2001; Venditti et al., 2012) . The Golgi targeting portion of MANI (Becker et al., 2000) was PCR amplified and cloned into EcoRI and BamHI sites of pcDNA4B (Invitrogen). The construct containing three tandem FM domains was obtained from ARIAD Pharmaceuticals, and the FM domains were PCR amplified and cloned downstream of the mannosidase I Golgi targeting domains to obtain MANI-FM. To construct GALT-FM the same strategy was used where the Golgi-targeting portion of GALT (Cole et al., 1996b) was PCR amplified and cloned upstream of FM domains. The TGN46 antibody (used at 1:800 for IF) was obtained from AbD Serotec, the GM130 antibody (1:1,000 for IF and 1:50 for cryoimmunolabeling) from BD, HA monoclonal antibody (1:1,000 for IF and 1:300 for cryoimmunolabeling) from Covance, -COP (1:20 for cryoimmunolabeling) from Thermo Fisher Scientific, anti--galactosyltransferase (1:400 for IF) from Sigma-Aldrich, anti-mannosidase I (1:100 for IF) from Sigma-Aldrich, anti-VSV-G polyclonal (1:8,000 for Western blotting) from Bethyl Laboratories, Inc., Alexa Fluor-conjugated second antibodies raised in donkey (Alexa Fluor 488, 568, and 633; 1:400 for IF) from Invitrogen, Dylight 405-conjugated donkey anti-mouse (1:100 for IF) from the Jackson Laboratory, and Protein A gold from Utrecht University. AP or DD solubilizer was obtained from ARIAD Pharmaceuticals or Takara Bio Inc., respectively. Endoglycosidase H was obtained from New England Biolabs, Inc. The protease inhibitor cocktail was purchased from Roche. Radiolabeled amino acids were purchased from PerkinElmer. All other reagents were obtained from Sigma-Aldrich.
Experimental conditions for MANI-FM polymerization
HeLa cells were transfected with the MANI-FM construct using Mirus transfection reagent following the manufacturer's instructions. After 24 h of transfection in the presence of 1 µM AP at 37°C, the media was changed and 1 µM of fresh AP was added for 30 min at 37°C. The cells were then treated with 33 µM nocodazole for 3 h in the presence of 1 µM AP, and 50 µM CHX was added for the last 30 min at 37°C. Importantly, the MANI-FM levels at the Golgi remained constant throughout this period. AP was then washed out of a subset of samples for the indicated times in the presence of CHX and nocodazole. All experiments were done in the presence of nocodazole and CHX unless otherwise indicated.
Radioactive labeling and immunoprecipitation
The method used was essentially as described previously (Bonifacino, 2001 ) with small modifications as described below. HeLa cells transfected with MANI-FM were cultured in the presence of AP for 12 h and then the media was substituted with one containing 0.05 mCi/ml of radiolabeled ( 35 S)cysteine and methionine and further cultured for 24 h in the presence of AP. The cells were then lysed in RIPA buffer (150 mM NaCl, 20 mM Tris, pH 8.0, 0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton X-100) and immunoprecipitated with anti-MANI and anti-HA antibodies for 6 h at 4°C. The immunoprecipitate was resolved by SDS-PAGE followed by autoradiography. The intensity of the bands was quantitated using ImageJ.
MANI-FM sedimentation/polymerization assay
The sedimentation assay to reveal the polymerization status of MANI-FM was performed as described previously . In brief, after treatment, the cells were lysed in lysis buffer (1% Triton X-100, 20 mM Hepes, pH 7.4, 100 mM KCl, 2 mM EDTA, 1 mM DTT, and protease inhibitor cocktail from Roche) at 4°C for 30 min. The lysate was then centrifuged at 20,000 g for 10 min, and the pellet and supernatant fractions were separated and analyzed by SDS-PAGE and immunoblotting.
Immuno-EM: data acquisition and quantitation
The samples were fixed and prepared using standard methods, essentially as described previously . In brief, the cells were fixed with 2% paraformaldehyde and 0.2% gluteraldehyde in PBS, for 2 h at room temperature (for cryoimmunolabeling), or with 4% paraformaldehyde and 0.05% gluteraldehyde, for 30 min at room temperature (for immunonanogold and gold enhancement labeling). For cryoimmunolabeling, the cells were then washed with PBS/0.02 M glycine, scraped in 12% gelatin in PBS, and then embedded in the same solution. The cells embedded in gelatin were cut in 1-mm blocks and infiltrated with 2.3 M sucrose at 1 and under nonsaturating conditions using a 63× objective (1.4 NA). The images were acquired using the Zen software system (Carl Zeiss). The linescan analysis was performed as described previously (Dejgaard et al., 2007) . In brief, images of stacks stained for GM130, TGN46, and MANI-FM were acquired with a pinhole set to 1 airy unit and under nonsaturating conditions, and these were analyzed by the Zen image analysis platform. Only cells with a moderate level of expression were considered for the analysis. Cells that expressed high levels of the MANI-FM construct, leading to a localization of the protein in the PM (20% of the cells), were avoided. Golgi stacks with clearly separated GM130-and TGN46-stained zones were identified and used for the analysis. A line was drawn in the middle of the stacks along the cis-trans direction, and the fluorescence intensity of each stained marker along this line was plotted. The images obtained were then processed using Metamorph 7.7.3.0 (Universal Imaging), with the "Image with Zoom" function for presentation. At least 30 stacks were examined per treatment and a representative image is shown. For the computational coalescence of line scans, the normalized line scans (normalization of distances was done by considering the start of the GM130 peak as 0 and the end of the TGN peak as 1) to be coalesced were plotted together and coalesced using the Gaussian curve fitting option of GraphPad Prism version 5.0 software.
Endoglycosidase H assay
HeLa cells transfected with MANI-FM were infected with VSV (VSV-ts045), incubated at 40°C for 3 h, and transferred to 32°C for the indicated times. The cells were then lysed in RIPA buffer (150 mM NaCl, 20 mM Tris, pH 8.0, 0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton X-100) at 4°C for 30 min. The lysates were clarified by centrifugation at 14,000 rpm for 10 min. The supernatants were treated with Endoglycosidase H in the EndoH buffer (0.05 M sodium citrate, pH 5.5) at 37°C overnight. The treated samples were then resolved by SDS-PAGE and Western blotting was done using anti-VSV-G antibody.
Online supplemental material Fig. S1 shows the FM fusion proteins localize mainly to the Golgi and have appropriate sub-Golgi localizations. Fig. S2 shows that the polymerization of FM fusion proteins does not prevent their BFA-induced retrograde transport to ER but prevents their exit out of the ER. In Fig. S3 , the frequency distribution analysis and double immunolabeling with GM130 as cis marker confirms that polymerization of MANI-FM induces its shift from the cis to trans side. Fig. S4 shows the shift of polymeric MANI-FM from cis-to transGolgi as visualized by confocal microscopy. Fig. S5 shows that polymerization of MANI-FM does not affect the morphology or the functioning of the Golgi. Online supplemental material is available at http://www.jcb.org/ cgi/content/full/jcb.201211147/DC1.
